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Overview

Switchgrass (Panicum virgatum L.) is a perennial warm-season grass native to the grasslands
of North America, is a model perennial grass for bioenergy, and is the most advanced
herbaceous perennial bioenergy feedstock. Best management practices have been developed
for switchgrass bioenergy production for the agroecoregions to which it is adapted. Field
production of switchgrass likely will occur on cropland that is marginally productive for row
crops, similar to land that was enrolled in the Conservation Reserve Program. Long-term,
ﬁeld-scale research demonstrates that switchgrass for bioenergy is productive, proﬁtable
for the farmer, and protective of the environment.
Switchgrass was selected by the Bioenergy Feedstock Development Program (BFDP)
at the U.S. Department of Energy (DoE) as a model herbaceous species because of its
potential to simultaneously meet energy demands and address global climate change [1].
It is a perennial, warm-season (C4 ) grass native to North America that is broadly adapted
throughout the United States and is found in every state east of the Rocky Mountains [2].
Like many perennial C4 grasses, switchgrass is highly tolerant to abiotic stresses such as
drought, temperature extremes, and salinity. For that reason, it is being recommended for
biomass production on marginally productive cropland where it would have minimal land
use competition with commercial food crops [3].

5.2

Phylogeny, Growth, Yield and Chemical Composition

Switchgrass is a highly polymorphic species with considerable morphological and physiological variation. Much of this variation can be explained by ecotype, the main taxonomic
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subdivision named largely for phenotypic differentiation based on habitat [4]. The two
ecotypes (upland and lowland) were initially distinguished by phenotypes but now can be
separated by cytotypes and gene cluster, using numerous genetic markers [5]. Common
upland cultivars are “Shawnee” and “Summer”, whereas common lowland cultivars are
“Alamo” and “Kanlow”.
Lowland ecotypes are mostly tetraploids (2n = 4x = 36), whereas upland ecotypes
are commonly tetraploid (2n = 4x =36) or octoploid (2n = 8x =72) with hexaploid
(2n = 6x = 54) reported rarely [6, 7]. Aneuploids appear to be common in switchgrass,
particularly at higher ploidy levels [8]. Many molecular methods have been developed
and used for studying the genetic relationship between upland and lowland cytotypes. The
genetic relationship among 14 populations of upland and lowland switchgrass ecotypes has
been characterized by using 92 polymorphic RAPD markers [9]. Hultquist et al. [10] used
chloroplast DNA restriction fragment length polymorphisms to show that these upland and
lowland ecotypes are genetically different in chloroplast DNA. A deletion of 49 nucleotides
in trnL-UAA introns was identiﬁed in lowland cp genome [11]. Several recent studies have
investigated nuclear polymorphisms using simple sequence repeats derived from expressed
sequences tags (EST-SSRs) and identiﬁed several lowland and upland subpopulations
[7, 12–15].
Lowland ecotypes generally are taller, coarser, and more caespitose in growth form than
upland ecotypes. Generally, they are better adapted to wetter and warmer environments,
whereas upland ecotypes are best adapted to drier and colder environments [4, 16]. In
general, lowland ecotypes have greater biomass and better disease resistance than upland
ecotypes [4,16]. Both ecotypes are largely self-incompatible and plants are cross-pollinated
by wind [16].
Switchgrass has the typical anatomical and physiological characteristics of a C4 grass
[16]. Seedling development has three phases: germination, emergence, and adventitious root
development [17]. Optimum temperature for switchgrass seed germination and seedling
growth is between 20 and 30◦ C, while germination and seedling growth are signiﬁcantly
reduced at soil temperature <20◦ C [18, 19]. Seed germination is initiated with the radicle
protrusion and the coleoptile emergence from the seed coat. Once the coleoptile emerges,
it is pushed to the soil surface by elongation of the subcoleoptile internode, typical of
the panicoid seedling development [17]. When the coleoptile reaches the soil surface, the
subcoleoptile internode elongation stops, adventitious roots form, and water uptake and
photosynthesis begin for plant growth. This is why proper seeding depth is critical for
successful switchgrass establishment. Seeds planted deeper than 1 cm can result in poor
establishment because seedling energy reserves are used for subcoleoptile elongation and
adventitious root development is delayed [17]. Several tillers may be produced within six
weeks of emergence.
Switchgrass growth during the establishment year varies depending on region, weather,
soil fertility, and competition with weeds [20], but in general it is feasible to produce and
harvest 50% of the cultivar’s yield potential after a killing frost. Furthermore, in the ﬁrst
full growing season after seeding, it is very feasible to produce and harvest 75–100% of the
cultivar’s yield potential [20–22] with many ﬁelds in the central Great Plains approaching
full production of 8–13 Mg ha−1 [23].
New growth in post-establishment years starts in early spring, with new tillers being initiated from axillary buds on the crown and/or rhizomes [24–26]. Moore et al. [27] presented
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the phenologic development of switchgrass by maturity stages: emergence, vegetative/leaf
development, stem elongation, reproductive/ﬂoral development, and seed development and
ripening. Although the durations of each stage are dependent on genetics, both photoperiod
and temperature play a critical role on vegetative growth and reproductive development
[28–30]. Mitchell et al. [29] and Castro et al. [31] indicated that photoperiod is the primary
determinant of switchgrass development, but temperature or heat units can signiﬁcantly
modify reproductive development.
Switchgrass biomass yield is inﬂuenced by agroecoregion and management practices,
such as ecotype, cultivar, fertilization, and harvest timing. Maughan [32] reported a metaanalysis of 106 sites from 45 studies covering the eastern two thirds of the United States and
southeastern Canada. Switchgrass biomass yield across all regions of the study, including
both lowland and upland ecotypes, averaged 6.6 ± 3.0 Mg ha−1 during the establishment
year, increased to 9.1 ± 5.5 Mg ha−1 in the second year, and reached a maximum of
10.9 ± 5.2 Mg ha−1 in the third year. During the post-establishment years, biomass yield
for lowland and upland ecotypes was 11.1 ± 6.1 and 6.7 ± 3.2 Mg ha−1 , respectively.
Among regions, the lower central region, equivalent to U.S. Plant Hardness Zones 6 and
7, had the highest biomass of 6.7 ± 3.2 Mg ha−1 and the north region, equivalent to
U.S. Plant Hardness Zones 3 and 4, had the lowest biomass yield of 7.3 ± 3.1 Mg ha−1 .
High-yielding cultivars developed for biomass yield in the Great Plains and Midwest are in
the release process for commercial availability.
Lignocellulosic biomass is composed primarily of structural carbohydrates, cellulose
and hemicellulose, and lignin, polyphenols, with a lower concentration of other proteins,
nutrients, acids, salts, and minerals. Structural carbohydrates, which generally comprise
two-thirds of the dry biomass, can be hydrolyzed to sugars and those sugars can be fermented
to ethanol or other forms of liquid fuel. Even though lignin is not converted to fuel by the
fermentation process, other conversion technologies, such as gasiﬁcation and fast pyrolysis,
could use lignin as an energy source. Biomass yield is the most important characteristic
for sustainable bioenergy production. However, feedstock chemical composition and its
consistency, which directly inﬂuence conversion process yield, are also very important.
Switchgrass has a similar feedstock composition to other lignocellulosic feedstocks. Lee
et al. [33] reported that switchgrass biomass has 37% cellulose, 29% hemicellulose, 19%
lignin, 3% crude protein, and 6% ash when harvested in late autumn or after a killing
frost. They also indicated that the chemical composition of switchgrass is relatively similar to other crop residues, such as corn (Zea mays) stover and wheat (Triticum aestivum)
straw. However, growth environment and genetics cause signiﬁcant variation in feedstock
composition [34]. Feedstock composition also has a signiﬁcant impact on conversion efﬁciency, with one study demonstrating a range in potential ethanol production from 61 to
127 mg g−1 [34]. The range of composition data collected from multiples studies explained
this variation, with cellulose, hemicellulose, and lignin varying from 31 to 45%, 22 to 25%,
and 18 to 22%t, respectively.
Harvest timing is a major cultural practice affecting feedstock composition [33, 35–39].
Delaying harvest to after a killing frost provided biomass with higher structural carbohydrates and lignin as well as lower protein and ash compared to biomass harvested at
anthesis. Further delaying harvest to the following spring reduced ash and protein concentrations even more [33, 35, 36]. Dien et al. [40] reported switchgrass mineral components
were related to plant maturity (Table 5.1). Other studies indicate that either late season or
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Table 5.1
cultivar.

Stage of maturity is the primary factor controlling switchgrass biomass composition within a
Composition (g kg–1 )

Stage of Maturity
Pre-boot
Anthesis
Post-frost

Ca

K

P

Si

Cl

Mg

S

Ash

CP

3.64
2.80
3.90

21.64
10.20
8.44

2.17
3.43
4.23

52.10
34.57
40.45

0.68
0.21
0.14

2.22
1.62
2.37

1.32
0.63
0.63

89
57
57

65
32
30

Adapted from Dien et al. [40] for Cave-in-Rock harvested near Mead, NE. All values are reported on a dry matter basis.

post-frost harvest are likely to provide biomass with lower nitrogen, phosphorus, potassium, and chlorine [36, 38, 41]. Consequently, cultural practices can be used to provide a
feedstock with the most desirable composition proﬁle [21].

5.3

Cultural Practices

Speciﬁc cultural practices for establishing and managing switchgrass have been developed for most agroecoregions. Establishing switchgrass has inherent risks, but they can be
moderated with good management [22]. In the switchgrass establishment phase, excellent
progress has been made by improving grass drills for minimum till establishment. Critical
issues included developing optimal seedbed preparation procedures that provided proper
seeding depth settings on grass drills (Figure 5.1), registering herbicides for weed control,
and improving planting times to provide suitable soil temperatures and the greatest opportunity for precipitation [22]. Due to these advancements, realistic goals include achieving

© 2013, Rob Mitchell
Figure 5.1 Depth bands on grassland drills regulate the depth with which small-seeded perennial grass seeds
are placed below the soil surface. Switchgrass should be seeded no deeper than 1.25 cm below the soil surface
to promote rapid establishment.
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establishment year yields equal to 50% of the cultivar’s yield potential and essentially
achieving full yield potential in the second year [22]. This is important for switchgrass
production because as Perrin et al. [42] reported failing to establish successful stands in the
seeding year can cost farmers more than $300 ha−1 .
5.3.1

Establishment and Weed Management

Managing weeds is one of the most important factors for sustainable switchgrass biomass
production. Since switchgrass seedlings develop more slowly than annual weeds, controlling weeds immediately after planting is critical for successful establishment. Additionally,
the economic feasibility of switchgrass for bioenergy is dependent on establishing stands
with a harvestable yield in the planting year [42]. Poor establishment caused by weed
pressure can delay full production of biomass for two or more years [43]. Well-established
switchgrass is less likely to have weed issues.
Weed pressure can be minimized in the establishment year by no-till seeding into
glyphosate-tolerant soybean stubble, which provides an excellent seedbed. Switchgrass
seed germination is slow and seedling vigor is low compared to annual grassy weeds.
Consequently, it is important to plant high quality seed in properly prepared seedbeds [22].
If heavy weed pressure is expected, delay seeding until the ﬁrst ﬂush of weeds, then apply a
broad-spectrum herbicide like glyphosate [N-(phosphonomethyl) glycine) before planting.
Applying pre-emergent and post-emergent herbicides shows a signiﬁcant effectiveness
in controlling and reducing weed populations during the establishment year. Normally,
switchgrass establishment is not interrupted by broadleaf weeds. Herbicides, such as 2,4-D
(2,4-dichlorophenoxyacteic acid) can control the broadleaf weed effectively, but should not
be applied until after the switchgrass seedlings have reached the four- or ﬁve-leaf stage [21].
Early grassy weed growth is reduced with herbicides. The herbicides utilized in the forage
industry will control weeds but label directions are critical for safe and proper application.
The forage industry has used atrazine [2chloro-N-ethy-N -(1-methylethyl)-1, 3, 5-triazine2, 4-diamine] as a pre-emergent to control cool-season annual grasses and broad leaf weeds
[44]. Quinclorac (3,7-dichloro-8-quinlinecarboxylic acid) is another common herbicide that
can be used as a pre-emergent or post-emergent herbicide to control most of annual warmseason grass weeds [23, 45]. Mitchell et al. [23] reported that a combination of atrazine
and quinclorac applied immediately after planting provided the best weed control and
most rapid establishment for upland and lowland switchgrass ecotypes in Nebraska, South
Dakota, and North Dakota, U.S.A. Although some herbicides work well for establishing
switchgrass, not all herbicides are labeled for application on the crop in all states. Always
read and follow label directions.
Weed competition in post-establishment years is not a major issue for well-established
stands, but if stands are poor during the establishment year, they typically have increased
weed pressure in subsequent years. Switchgrass stands with seedling densities below
10 plants per square meter are considered to be poor and should be over-seeded or reseeded
[21]. As long as adequate switchgrass frequency of occurrence (i.e., >40%) has been
achieved in the seeding year, weed control is relatively easy during the post-establishment
years. One of the most effective methods to control cool-season annual or perennial weeds
is with the application of a broad-spectrum herbicide, such as glyphosate. Switchgrass must
be dormant when glyphosate is applied, either prior to spring green-up or after senescence in

80

Cellulosic Energy Cropping Systems

late summer or early autumn. Once switchgrass starts to grow, canopy development is much
faster than annual warm-season weeds and summer annual weeds are usually not an issue.
5.3.2

Fertilization

Switchgrass fertilizer recommendations are a function of site productivity, cultivar yield
potential, and management practices such as time of harvest [46]. Although switchgrass
in extensively managed native grasslands tolerates low fertility soils, optimizing biomass
and maintaining stand persistence in intensively managed bioenergy production ﬁelds
requires fertilization. The primary limiting nutrient for switchgrass biomass is nitrogen and
biomass increases as nitrogen rate increase. However, excessive fertilizer application can
result in nitrogen leaching out of the root zone or nitrogen runoff and cause groundwater
contamination [46].
Nitrogen application is not recommended during the planting year because nitrogen
encourages weed growth, increases establishment costs, and increases economic risk if
the stand fails [47]. In established stands, nitrogen fertilizer recommendations should be
based on available soil nitrogen, anticipated biomass yield and when the switchgrass will
be harvested. Soil sampling to a depth of 1.5–2 m is needed, since fertilizer application
rates should be based on the difference between crop need and available soil nitrogen.
Harvesting biomass removes nitrogen from the system and this must be replaced to meet
future plant growth demands, but harvesting at different stages impacts the quantity of
nitrogen removal by the crop. For example, a switchgrass ﬁeld harvested after a killing
frost that produces 11 Mg ha−1 of dry matter (DM) with a crude protein concentration of
4% (0.64% N) will remove about 70 kgN ha−1 . Therefore, 6–7 kgN ha−1 yr−1 should be
applied for each 1 Mg ha−1 of anticipated biomass yield [22]. However, if harvesting at
anthesis, 10 kgN ha−1 yr−1 should be applied for each 1 Mg ha−1 of anticipated yield,
since the biomass will have a nitrogen concentration of 1.1–1.3% [46]. To prevent leaching
and/or runoff, these recommendations may need to be adjusted for local soil mineralization
and atmospheric nitrogen deposition.
Nitrogen fertilization rates are generally higher in the southern United States than in
the northern Great Plains. For example, in Alabama, Ma et al. [48] reported switchgrass
yields increased as nitrogen rate increased up to 224 kgN ha−1 . In Texas, the optimum
nitrogen rate for Alamo switchgrass was 168 kgN ha−1 , and biomass yield averaged 14.5
and 10.7 Mg ha−1 yr−1 at Stephenville and Beeville, respectively [49]. Biomass declined
over time on plots that received no nitrogen and was sustainable only with the application
of at least 168 kgN ha−1 yr−1 . In Nebraska and Iowa, biomass yields of ‘Cave-In-Rock’
switchgrass, an upland cultivar, increased as nitrogen rate increased from 0 to 300 kgN ha−1 ,
but residual soil nitrogen increased when more than 120 kgN ha−1 was applied [44].
Biomass production was optimized with the application of 120 kgN ha−1 , with about the
same amount of nitrogen being applied as was removed by the crop.
Phosphorus and potassium are generally adequate for switchgrass growth on most cropland soils [50]. Although switchgrass response to phosphorus has been variable, it may
respond to fertilizer phosphorus if soil-test phosphorus is low or the site is very acidic
(i.e., pH 4.3–4.9) soil [21, 51, 52]. Switchgrass did not respond to applied phosphorus in
Texas [49] or in low-phosphorus soils in Iowa [53]. Quantifying the response of bioenergyspeciﬁc switchgrass cultivars to nitrogen, phosphorus, potassium and other nutrients is a
major research need in all agroecoregions.
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Disease and Pest Management

A number of diseases and insects have been reported for switchgrass and some concerns
have been raised regarding large scale planting for feedstock production in the future
[54]. However, no diseases or insects have demonstrated economic concerns to date. The
list of diseases reported in the literature includes: rust associated with Puccinia spp.,
anthracnose caused by Collectotrichum spp., smut caused by Tilletia maclaganii, sharp
eye spot caused by Phyzotonia cerealis, helminthosporium spot blotch caused by Bipolaris
sorokiniana, and viral disease caused by Panicum mosaic virus (PMV), Phoma leaf spot
(Phoma spp.), and Fursarium root rot, Fusarium spp. [55–64]. Most of these diseases
are reported from a few ﬁeld observations, with some cultivars being more susceptible
to speciﬁc diseases. Individual genotypes can have susceptibility to diseases, but released
cultivars and germplasms have been selected for a range of resistance to many diseases [16].
Sanderson [56] indicated that higher anthracnose infection was observed in Trailblazer than
in Cave-in-Rock. Cave-In-Rock is the cultivar most susceptible to smut [16]. Smut infection
can signiﬁcantly reduce switchgrass biomass and seed production. In Iowa, a smut-infected
seed ﬁeld did not produce seed for several years [60, 65]. Thomsen et al. [66] reported
that smut infection reduced Cave-in-Rock switchgrass biomass yield by as much as 40%.
Consequently, smut seems to be the most serious disease at the present.
Few insects have been reported in switchgrass and, at present, generally appear to
pose a limited threat. Grasshoppers (Orthoptera) are common herbage feeding insects that
could affect switchgrass biomass productivity [16]. Recently, two other insects have been
identiﬁed in switchgrass ﬁelds and natural populations in the US Midwest. Prasifka et al.
[67] identiﬁed a stem-boring caterpillar (Blastobasis repartella Dietz) and its distribution
and symptoms. Infestation of B. repartella can cause death of young tillers of switchgrass
but its damage on biomass yield was not quantiﬁed. Reducing seed production is the primary
concern with insects in switchgrass. Boe and Gagne [68] discovered a new species of gall
midge [Chilophaga virgate Gagne (Diptera: Cecidomyiidae)]) in South Dakota. Infestation
of the gall midge was observed in the peduncle inside the sheath of the ﬂag leaf and the
inﬂorescence never emerged. Depending on infestation rate, switchgrass seed production
could be reduced by the gall midge. For example, the bluestem seed midge (Contarinia
wattsi Gagne) was reported to reduce big bluestem (Andropogon gerardii Vitman) seed
production by about 40% [69] and has been observed by the authors in heavy infestations
in switchgrass.

5.3.4

Harvest Management

The primary objectives with switchgrass harvest management are to maximize biomass
recovery, match feedstock quality to the conversion platform, and maintain productive
stands [22]. Productive stands can be maintained indeﬁnitely with proper harvest timing,
cutting height and maintaining adequate nitrogen fertility [22, 70].
Switchgrass best management practices and extension guidelines have been developed
for most regions [22, 71, 72]. Mitchell et al. [22] reported that high-yielding switchgrass
ﬁelds (>12 Mg ha−1 ) can be harvested and baled with commercially available equipment,
but self-propelled swathers with rotary heads are needed to optimize efﬁciency and handle
the volume of material harvested from switchgrass bioenergy production ﬁelds that may
approach 20 Mg ha−1 . A cutting height of 10–15 cm maintains stands and keeps the
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windrows elevated to facilitate air movement and more rapid drying to less than 20%
moisture content prior to baling [21]. Switchgrass biomass is packaged for storage and
transportation in large round or large rectangular bales, with large round bales generally
having less storage losses, whereas rectangular bales tend to be easier to handle and load
on trucks for transport without road width restrictions [22].
Switchgrass research supports a single annual harvest for optimizing biomass and energy
inputs, as well as maintaining stands. In Texas, Sanderson et al. [73] harvested several
switchgrass strains once or twice per growing season from multiple environments and
concluded that a single harvest in autumn maximized biomass and maintained stands. In
Nebraska and Iowa, switchgrass harvested once at anthesis optimized biomass recovery
[46]. Harvesting after frost minimizes nitrogen removal [69], reduces nitrogen fertilizer
requirements for the following year by about 30%, and ensures stand persistence and
productivity, especially during drought [21, 22]. In the ﬁrst nine years of a long-term
study, Follett et al. [70] reported switchgrass biomass was greatest in plots fertilized with
120 kgN ha−1 and harvested at a stubble height of 10 cm after a killing frost. These
management practices ensure carbohydrate translocation to the plant crowns for setting
new tiller buds and maintaining stand productivity [22]. For thermochemical conversion
platforms and biopower, it is recommend harvesting after a killing frost because nitrogen,
calcium, and other plant nutrients that function as contaminants are minimized in plant
tissue [20]. More detail on harvest and storage management is given by Mitchell and
Schmer [20].

5.4

Genetic Improvement

Switchgrass is a cross-pollinated species with a gametophytic self-incompatability system
[74]. The species has two main ploidy levels (tetraploid and octoploid) that are largely
cross incompatible, but controlled mating of breeding populations with the same ploidy
level can be made using the procedure described by Martinez-Reyna and Vogel [74].
However, all released switchgrass cultivars to date are improved populations or synthetic
cultivars [21]. Since the release of ‘Nebraska 28’, the ﬁrst switchgrass cultivar for which
certiﬁed seed was produced, numerous strains have been evaluated, selected, and improved
by identifying and capitalizing on the genetic variability of desirable traits [21]. These traits
have included forage or biomass yield, in vitro dry matter digestibility (IVDMD), cell wall
composition, protein concentration, plant height, seed yield, seedling tiller number, rust
resistance, maturity, and biotic and abiotic stress tolerance [21].
Approximately 35 switchgrass cultivars have been documented and released. Most of
these cultivars were derived from direct seed increases of wild populations without selection, and were meant to represent a particular geographic region, habitat, or hardiness zone
[4]. Their intended use was for prairie or savanna restoration projects and they were often
given “place” names to reﬂect their origin, for example, ‘Alamo’, ‘Kanlow’, ‘Grenville’, and
‘Carthage’. However, as the demand for switchgrass increased in the livestock industry in the
mid and late twentieth century, and later due to demand for research information on bioenergy feedstocks, many of these cultivars were used for multiple purposes. As of this writing,
14 switchgrass cultivars represent genetic improvements as a result of selection and breeding
(Table 5.2). Historically, switchgrass breeding programs have focused on improving establishment characteristics, biomass yield and quality, and insect and disease resistance [21].

Upland
Upland
Upland
Upland
Upland
Upland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland
Lowland

Ecotype
8x
8x
8x
8x
8x
4x
4x
4x
4x
4x
4x
4x
4x
4x
4x

Ploidy
2009
1967
1996
1998
1984
1963
2006
2008
2009
2009
2009
2013
2013
2006
2007

Year of
release
Biomass yield, spring vigor, rust resistance
Biomass yield and vigor
IVDMD, biomass yield
Large seed size and mass
IVDMD, biomass yield
Earliness, rust resistance
IVDMD, biomass yield
Biomass yield
IVDMD, biomass yield
Biomass yield, spring vigor, rust resistance
Biomass yield, spring vigor, rust resistance
Rapid germination
Biomass yield, low lignin
IVDMD, biomass yield
Reduced post-harvest seed dormancy

Principal traits selected during cultivar
developmentb

b

GRIN accession number (http://www.ars-grin.gov/). Empty cells indicate that a cultivar is not available through GRIN.
IVDMD = in vitro dry matter digestibility.
c
USDA Hardiness Zones are deﬁned in approximately 5◦ C increments of mean annual minimum temperature (http://www.usna.usda.gov/Hardzone/ushzmap.html).

a

644818
636468

658520

642192
591824
598136
549094
642191
645256

PI Numbera

Improved switchgrass cultivars and germplasm releases representing signiﬁcant breeding and selection activities.

EG2101
Pathﬁnder
Shawnee
Sunburst
Trailblazer
Summer
BoMaster
Cimarron
Colony
EG1101
EG1102
Expresso
Liberty
Performer
TEM-LoDorm

Cultivar

Table 5.2

4, 5, 6
4, 5
5, 6, 7
3, 4, 5
4, 5
4, 5
6, 7, 8
6, 7, 8
6, 7, 8
8, 9, 10
6, 7, 8
6, 7, 8
4, 5, 6
6, 7, 8
6, 7, 8

USDA Hardiness
Zonesc
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Seed dormancy, a frequent trait of wild switchgrass populations, has been gradually
decreased by multiple cycles of recurrent selection in many breeding populations and cultivars [4]. Selection for increased IVDMD for ruminant livestock production systems resulted
in reduced lignin concentration and altered lignin composition [75,76]. These modiﬁcations
to lignin are also expected to have a signiﬁcant positive impact on conversion of cellulosic
biomass to energy in fermentation systems [77, 78]. Most breeding efforts have focused
on increasing biomass yield, the most signiﬁcant factor limiting economic sustainability of
switchgrass as a cellulosic energy crop [42]. Proper cultivar selection, matching cultivars to
geographic regions according to their origin and environmental adaptations [79], combined
with sustained breeding efforts, have increased biomass yield by 20–30% between 1992
and 2002 [80]. Additional improvements, not yet documented through cultivar commercialization, suggest that breeders have increased switchgrass biomass yield by up to 50%
in some geographic regions [4].
Both intra and interpopulation improvement methods are employed for switchgrass
improvement. Intrapopulation improvement involves the use of recurrent selection for
one or more traits, increasing the frequency of favorable alleles for those traits [4, 81, 82].
Recurrent selection can be conducted under different conditions, including spaced plantings,
row plots, and sward plots. Spaced plantings generally are considered to be useful for the
early generations of a breeding program, in which there may be many plants without
sufﬁcient vigor or adaptation to be considered for selection. As populations are improved,
more effort may be required to measure complex traits, such as biomass yield, under more
realistic (competitive) conditions, requiring the use of closely spaced plants or drill plots
[4]. Cycle time for most intrapopulation switchgrass improvement programs ranges from
two to seven years, with each cycle having the potential to generate a new candidate cultivar.
Switchgrass breeders generally have worked together to generate uniform ﬁeld evaluations
of candidate cultivars across a broader geographic region than would be possible for a
single breeding program.
Interpopulation improvement represents a new venture in switchgrass breeding. Recent
studies indicate that the evolutionary divergence between upland and lowland ecotypes
can be exploited to create F1 hybrids with superior performance to either of their parents
[83,84] Two signiﬁcant challenges in such a system will be (i) synchronization of ﬂowering
between the two parent genotypes, which can differ by up to six weeks in ﬂowering time and
(ii) vegetative propagation of the parent genotypes for hybrid seed production [4]. Growth
regulators may assist in synchronizing ﬂowering time, while micropropagation is the most
likely mechanism for vegetative propagation of the parent genotypes. We are many years
from a maize-like hybrid production system based on inbred lines, but the recent discovery
of some switchgrass genotypes that tolerate high rates of self-pollination suggests that
development of inbred lines may be a viable long-term goal.
Molecular biology tools and methods have been rapidly incorporated into a framework
for switchgrass improvement, especially with recent advances in both cost and efﬁciency of
molecular methods. Genetic transformation of speciﬁcally targeted lignin genes is highly
effective in reducing recalcitrance of switchgrass biomass in a fermentation system, increasing rates of sugar release and reducing pre-treatment requirements [85–87]. Risk assessment studies are currently underway, designed to evaluate the potential impacts of both
pollen and seed migration into existing natural prairie sites. Numerous DNA-marker studies have been conducted on a wide array of switchgrass germplasm, helping to develop and
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characterize regional gene pools, clarify the geographic origin of germplasm, and to gain
a clearer understanding of the origins and evolution of switchgrass [13–15] With recent
advancements in DNA-marker technologies, genomic selection has become a viable strategy for use in switchgrass improvement programs. Genomic selection allows simultaneous
selection pressure on a large number of genes affecting the traits of interest, including
genes with large or small effects and those located in nearly every portion of the genome.
Switchgrass is still an undomesticated plant, with nearly all cultivars no more than four or
ﬁve generations removed from the wild, and the future of switchgrass breeding and genetics
holds great promise for signiﬁcant improvements and advancements.

5.5

Summary

Long-term, ﬁeld-scale research demonstrates clearly that switchgrass for biofuel production
is feasible for the agroecoregions to which it is adapted and can help meet transportation
fuel demands in the United States. Currently-available best management practices typically
result in establishment year yields equal to 50% of the yield potential of the cultivar and near
full yield potential in year 2. Although some insects and diseases do occur on switchgrass,
it appears unlikely that insects and diseases will have a signiﬁcant impact on the long-term
productivity of switchgrass. Field production of switchgrass is best-adapted to cropland that
is marginally productive for row crops, similar to land that was enrolled in the Conservation
Reserve Program. Ongoing breeding efforts are improving switchgrass yield and, based on
previous advancements in yield, likely will increase biomass yield by another 20–30% with
the release of bioenergy-speciﬁc cultivars during the next decade.
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